relevant examples from the larger MEMS are also included. In the final section, a few examples of future diamond NEMS experiments are discussed.
What NEMS Do
As the name suggests, NEMS devices or systems are both mechanical and electrical in nature. Typically, the defining element is a mechanical feature that is coupled in a particular way to an electrical circuit. This circuit will detect and possibly actuate the mechanical degrees of freedom as is discussed in section 17.3.2.
In NEMS and also in many MEMS the mechanical element is coupled to a particular signal of interest. This signal could be mechanical in nature, as is the case for gyroscopes and accelerometers that measure angular momentum and acceleration, 5 a change in mass down to a single atom, 9 a magnetic pulse, 10 a biological signal or even quantum states. 2 What is common to all of these devices is that they are based on monitoring a change in the mechanical response of a structure that is coupled to the degree of freedom being measured. Some examples of devices are depicted in Figure 17 .1.
Why They Work
This diverse range of applications results from the favorable scaling effects. In miniaturization, volumetric properties, such as mass, are most strongly affected due to scaling. This implies that, for forces acting on surface areas, the corresponding acceleration will increase, resulting in larger relative signal sizes and shorter response times. High mechanical frequencies and high quality factors essentially decouple from the mechanical noise background, which falls off as 1/f. In addition, an appropriate electrical readout scheme allows for the detection of minute changes of the mechanical state the device is in. All of this results in the ability to detect signals at short timescales, with small amounts of power. In addition to increased sensitivity, small size, and scalable manufacturing techniques, a large number of devices can be patterned on small areas. The following sections describe basic fabrication methods, as well as electrical coupling methods, which are used in current diamond NEMS technology.
Although there are exceptions, [13] [14] [15] diamond MEMS and NEMS are essentially all made of polycrystalline thin films, where nano-and ultrananocrystalline materials are used in NEMS devices with grain sizes on the order of or less than 200 nm. As discussed later in the section on fabrication, this arises from the need to grow diamond on a sacrificial layer that allows the structure to be suspended, thus providing the three-dimensional release required for most mechanical devices.
The obvious benefits of diamond are its mechanical properties, specifically the high Young's modulus and fracture strength, which is rivalled only by exotic materials, such as carbon nanotubes. This allows for tiny devices to remain mechanically solid, while pushing resonance frequencies beyond the GHz mark. 16, 17 For larger structures, such as gears or rotors involving sliding elements, low tribology enhances operation efficiency and lifetime. Beyond the mechanical properties, diamond is an excellent thermal conductor. It has low electromagnetic absorption over a wide frequency span and can be tuned from an almost perfect electrical insulator to a semiconductor with piezoresistive properties by adding a wide range of dopants, such as boron. Furthermore, it is an excellent field emitter of electrons. With further doping, diamond will even become superconducting at cryogenic temperatures. Its chemical properties make it possible to use diamond NEMS in harsh environments as it has high radiation hardness, especially at high energies. 18 Furthermore, diamond is biocompatible for live cell integration 19 and allows for biological functionalization, 20 enabling cells-on-chips technology and bio-electronics.
All of these properties can be leveraged to make novel NEMS devices with applications in diverse areas of fundamental and technological interest.
NEMS Dynamics

Elasticity Theory and the Euler-Bernoulli Equations
There are generally two types of mechanical devices: resonant and nonresonant. Larger MEMS structures are typically either resonant or nonresonant, while all NEMS devices are essentially driven on resonance to optimize sensitivity and minimize noise. Examples of non-resonant structures are larger comb actuated shutters, 21 mechanical switches, and pressure sensors. 7 Such devices will respond to external stimuli on transient timescales, which can be extremely fast. This will set the switching speed of an RF switch, as well as the minimum response time to changes in pressure. Alternatively, resonant devices benefit from a high quality factor by minimizing coupling to noise and maximizing response sensitivity. Resonant modes of operation are strongly favored in NEMS where static displacements are often too small to detect. The static Euler-Bernoulli equation describes the deflection of a solid due to an applied load. For a solid object, this is written as:
where E is the Young's modulus, I ¼ t 3 w/12 is the second moment of inertia of a beam of thickness t and width w, q is the distributive shear force and a(x) is the amplitude of the structure at point x. The second expression is true if the product EI is constant, as is often the case. This expression results from balancing all the forces and moments for each infinitesimal section along the structure. Eqn 17.1 is derived from considering the bending moment M and shear force Q along the beam due to the applied stress s x :
ð17:2Þ
A complete discussion is given in ref. 22 , which contains a detailed discussion on NEMS dynamics. Using this, as well as Hooke's law, one can determine the spring constant for a given geometry. Both the clamping boundary conditions, which are set during fabrication, and the load distribution, which results during actuation and sensing, determine the exact response. Examples of typical setups are summarized in Table 17 .2. More complex MEMS devices are a combination of multiple such spring elements. Additional examples can be found in other sources. 22 
Dynamic Solutions
The resonant modes can be derived from the Euler-Bernoulli equation by calculating the action. The result is a differential equation, fourth order in space (for a constant product EI) and second order in time:
m ¼ rA is the mass per unit length and f the force per unit length. This equation can be solved by separation of variables (a(x,t) ¼X(x)T(t)), and then finding the general solution to the homogeneous equation and adding a particular solution to the inhomogeneous solution. The most general ansatz for the homogeneous equation is: where b takes on discrete values for non-trivial solutions. These are given by eqn 17.5 and are depicted in Figure 17 .2 for the doubly clamped beam boundary conditions. The boundary conditions are given by the particular geometry and clamping setup of a given structure and are summarized in Table 17 .3. Applying these boundary conditions for the doubly clamped beam (x BC ¼0,L) results in the matrix equation whose determinant condition guarantees non-zero solutions: 
Solving for the frequency f ¼ o/2p results in one of the most important expressions used in resonant NEMS devices: 
No stress, no shear force Pivot (simply supported)
Horizontal at attachment, no shear force Z 1 ¼ 1.028 for the fundamental mode of a doubly clamped beam. The first term describes the mode number, the second the material properties, and the third the beam geometry. It becomes clear that a high Young's modulus and a low density (the root of the ratio is the longitudinal sound velocity) results in high resonance frequencies. This property is what allows relatively large diamond NEMS devices to achieve GHz frequency modes. 16, 17 The geometric term illustrates how downscaling results in an increase in resonance frequency. Considering uniform thickness wafers, varying the length of a resonator results in a NEMS-based method to measure the dynamic Young's modulus. 23, 24 Such results are depicted in Figure 17 .3. So far, only flexural beam modes have been considered. Other modes that are commonly found in NEMS devices are torsional and thickness modes. Torsional modes suffer from lower mechanical noise than flexural modes. Thickness modes are particularly common in piezoelectric materials and are found at higher frequencies. These are known as bulk acoustic wave (BAW) resonators. Such bulk modes operate well in air and even more viscous environments, making them a popular mode choice for biosensing applications. Other modes that are related to BAW resonators are shear-mode, area expansion mode, or surface acoustic wave resonators, which are all types of acoustic modes. These modes have been studied in diamond devices. 25 Surface acoustic wave resonators have been fabricated with NCD; 26 they function as chemical and biological sensors due to their ability to operate at high pressures. Such NCD-based devices typically include a non-diamond piezoelectric material, such as aluminium nitride, which serves as the electrically active component, whereas the diamond dominates the mechanical properties, also referred to as the mechanical load. 
Beyond the Standard Euler-Bernoulli Equation
So far, the solutions presented are valid only for uniform thin-beam devices, where t,w{L. Furthermore, no intrinsic strain, forcing, or even dissipation was considered. Such terms are often significant and must be included in eqn 17.3. Dissipation can be added by making the frequency complex and replacing the ansatz of the differential equation in time with:
T t ð Þ¼ Asinðo n t þ jÞ ! e Àio n t À g n tþj :
ð17:7Þ
The complex frequency o n -o n À ig n results in a damping term characterized by g n ¼o n /2Q. This is equivalent to making the Young's modulus complex E ¼ E R þE I in eqn 17.3.
The dissipative effects are a defining property of the performance and sensitivity of NEMS resonators. A further correction of interest to the Euler-Bernoulli equation is the addition of intrinsic tension. For dynamic structures, this can result in an increase of the resonance frequency due to tensile strain, or a decrease in frequency and even buckling for a large compressive strain. The derivation on buckling is extensively covered in the literature. Here, the correction terms and effects on the resonance frequency are presented for tensile strain and compressive strain below the buckling limit:
This results in a resonance frequency of:
For very high tension, the beam behaves like a string whose dynamic properties are no longer dependent on the resonator's thickness but only on its length and tension. Additional phenomena, such as thermoelastic effects, can be included by adding terms to eqn 17.8. 
The Simple Harmonic Oscillator and Nonlinear Terms
Along each point of the resonator, the amplitude follows the simple harmonic oscillator equation. This captures the frequency response and dissipative nature of the device, but not the extended mode shape. The second order differential equation of the damped driven harmonic oscillator is:
where F is the forcing term, m is the mass, k is the spring constant, and g is the dissipation. By assuming harmonic forcing (F ¼ F 0 cos(ot)) and taking the Fourier transformation of eqn 17.10, one can determine the amplitude and phase response in terms of drive frequency. This harmonic response can be measured in a vector network analyzer (or lock-in amplifier). It is used to characterize a resonance.
ð17:11Þ
is the intrinsic undamped resonance frequency and
q is the true resonance frequency including dissipation. This response is illustrated by the blue trace in Figure 17 .4.
The small scale of NEMS devices makes them prone to exceeding the limit for linear drive amplitude, beyond which nonlinear effects must be taken into account. While this may degrade device performances for some applications, there are many scenarios where this effect can be exploited not only to increase sensitivity but also to enable fundamentally new devices. For example, the dynamic two-state solution creates discrete and switchable amplitude states that can serve as bits in a mechanical logic circuit. 28, 29 Furthermore, mechanical nonlinearities have been exploited in signal amplification and noise squeezing, with applications ranging from energy harvesting to macroscopic quantum behavior. A detailed theoretical description of a NEMS resonator with nonlinear spring constant and nonlinear damping is given elsewhere. 30 Here, we briefly describe the results. Expanding the harmonic oscillator eqn 17.10 and only including bounded terms, as well as assuming harmonic forcing, one can write: where k 3 is the nonlinear spring constant and Z is the nonlinear damping coefficient. The solution for the amplitude is a transcendental equation, which can only be solved numerically:
Here, Q À1 ¼ mg/o is the quality factor. From this equation, one can determine the backbone curve, which relates the maximum amplitude to the frequency at which the maximum amplitude occurs, as well as the critical amplitude, defined as the onset of bifurcation (pink trace in Figure 14 .4 a)):
ð17:15Þ
These equations reveal some interesting behaviors that are visible in Figure 17 .4. First, adding a nonlinear spring constant does not change the maximum amplitude. Hence, Hooke's law still applies, and there is no overextension beyond the elastic limit. If the forcing is reduced, the linear nature of the oscillator will be recovered. The nonlinear spring constant changes the frequency at which maximum amplitude occurs (eqn 17.14). For positive k 3 , this leads to beam hardening and an increase in frequency and for negative k 3 , this results in beam softening. Both cases are observed in NEMS devices, and experiments have even demonstrated switching from one to the other by manipulating external fields. The nonlinear damping, on the other hand, does reduce the maximum amplitude of a resonator for a given drive force. This is clearly visible in Figure 17 .4b), where the normalized amplitude is reduced with increasing drive force. Correspondingly, it does not affect the frequency at which the maximum amplitude occurs. In a sense, k 3 only affects the frequency, and Z primarily affects the amplitude. They both work together when considering the critical amplitude. It is noteworthy that the nonlinear damping supresses the onset of bifurcation and, for a damping coefficient Z ¼ ffiffi
and above, the bifurcation is eliminated for all drive amplitudes.
The origins of the nonlinear spring constant k 3 are well understood. They may arise from external fields, as observed with capacitive drive and detection techniques, where
is the gate voltage of the capacitor and C
IV the forth derivative of the capacitance), or from geometric nonlinearities k 3 ¼ o 2 n b n 6m t 2 4 0 for a doubly clamped beam (b n is a modedependant numerical constant ranging from 0.2 to 0.5). Typically, the intrinsic material nonlinearities are much weaker and do not affect NEMS dynamics; although these effects may be pronounced at ultra-low temperatures.
The physical interpretation of nonlinear dissipation is less well understood. There have been a number of experiments that indicate the presence of nonlinear damping through the widening of the Lorentzian. However, detailed theoretical explanations have yet to be presented. Furthermore, it is commonly claimed that only the smallest NEMS devices, such as carbon nanotube (CNT) resonators, exhibit nonlinear damping. There is no reason to believe that such nonlinear damping would not also be visible in significantly larger diamond NEMS devices as high quality factors would make nonlinear damping effects more apparent. Further studies should help reveal the physical nature of this phenomenon and the constraints it sets on devices.
Methods of Fabrication, Actuation, and Detection
In this section standard fabrication steps, and actuation and detection methods for diamond NEMS devices are discussed. These methods are applicable to a range of materials. However, some of these methods are particularly suitable for diamond. Such cases are highlighted.
Fabrication
The structures described here are manufactured using top-down lithographic methods. MEMS are essentially based on optical lithography and NEMS on e-beam lithography, where the spatial resolution is on the order of a few micrometers and tens of nanometers, respectively. As a basic rule, the amount of material deposited is more than required and the unwanted material is subsequently etched away as a part of the process. This is in contrast to the growth techniques typical for carbon nanotubes or other exotic materials. Even in these cases, a base structure can be made using conventional methods, and then additional components, such as the CNT, can be added. The metallic masks can also serve as electrodes, as is the case for the doubly clamped beam structures depicted below. The final step ( Figure 17 .5e) is the release, where an isotropic etch removes the sacrificial layer below the mechanical structure, allowing it to move freely. For silicon oxide sacrificial layers, hydrogen fluoride is used as an isotropic wet etch. The structures can be dried using a critical point dryer if needed. It turns out that larger, softer MEMS structures are often more susceptible to damage caused by surface tensions than high frequency NEMS resonators are, even though they are orders of magnitude smaller. This is a result of the high spring stiffness of NEMS devices. Diamond has proven to be a robust material for such structures. It should be noted that using silicon on top of oxide as a sacrificial layer has many benefits. Once the structure is suspended, the remaining oxide provides an excellent insulating base, preventing any unwanted shorts. Furthermore, an SF 6 plasma can be used at relatively high pressures (200 mTorr) to etch away the silicon. This means that no etchants, such as KOH, are required and the structure is never submerged in a liquid; hence, it cannot be damaged by surface tension during release.
Devices manufactured by this method tend to be essentially two dimensional, with the thickness of each material being constant. Also, motion is predominantly in the plane of the wafer with only small flexure or torsion occurring out of the plane. The device behavior is strongly defined by the initial wafer.
Multistep Growth
An alternative method is based on depositing thin films over the entire wafer, followed by selective etching. However, instead of starting with all of Figure 17 .5 a) Wafer, b) e-beam patterning, c) metallization, d) and e) etch steps, f) final product. 31 the growth steps already completed, devices can also be built by growth/etch cycles. 5, 17, 21 In principle, the growth and etch steps are the same as above, but due to multiple iterations, it is possible to build more complex structures, made of multiple materials and multiple mechanically responsive layers. This method is standard in commercial silicon MEMS, but due to the difficulty of diamond CVD growth, it is less commonly seen in diamond structures. Nevertheless, cheap and rapid optical lithography, along with improvements in the quality of thin-film diamond, can be leveraged to create even more complex diamond MEMS. These devices are also inherently two dimensional. But they have a greater ability to be actuated and manipulated in the third dimension, as it is possible to include electrodes selectively at multiple levels. This results in a significantly greater number of possible structures compared to the previously described method.
Further Comments on Fabrication
There have been attempts to selectively grow diamond by controlling the location where seeding occurs. This removes the need for etching the diamond structure after deposition. The results, however, are not competitive with the methods described above. Growing continuous diamond thin films into pre-existing molds has been successful in manufacturing field emission devices and nano-probes, 33 among other devices. For many sensor applications, surface termination is crucial. This is critically important for structures that require surface functionalization. For example, one may choose hydrogen or hydroxyl termination resulting in hydrophobic or hydrophilic surfaces, respectively. This surface treatment can be achieved using oxygen or hydrogen plasmas, where a simple ''water test'' reveals the hydro-philic and -phobic properties.
So far, all structures considered were made of polycrystalline diamond. Freestanding, single-crystal diamond structures have been fabricated, as shown in Figure 17 .6. This is achieved by growing single-crystal diamond, then adding a sacrificial layer through ion implantation. 13, 14 This allows selective etching, which is needed for suspending the structure. Highly specialized optical or thermal devices could be manufactured using this method. However, the mechanical properties of nanocrystalline diamond (NCD) are close to those of the single crystal, making NCD the simpler choice. More recently, a wafer bonding technique has been reported. It allows single-crystal resonators to be manufactured on a silicon dioxide sacrificial layer, 15 enabling integration of single-crystal diamond with standard silicon-based NEMS fabrication methods.
Drive and Detection
A critical component of all MEMS/MEMS devices is the drive and detection technique. This determines the method of coupling between the mechanical degree of freedom and the electrical readout circuit. Some devices are passive and require no external drive, such as vibration sensors, whose mechanical energy is transferred from the signal they are designed to sense directly into the device. More often, a device is actuated on resonance by applying mechanical energy through a given transduction method. On resonance, the structure is most sensitive to external stimuli, and hence, more effective as a sensor. In this section the most common actuation and detection methods are presented and compared. For the drive, this corresponds to the forcing term introduced in eqn 17.3. The common drive and detection methods used in MEMS and NEMS are compatible with diamond or hybrid diamond-and-metallic structures. In addition, some specific properties of diamond allow for less conventional actuation/detection methods.
Capacitive Technique
Probably the most common drive and detection method for both on-and offresonance devices is capacitive. In this method selective modes can be targeted. With the use of appropriate geometries, linear drive forces can be applied over a long actuation range. The capacitive method also allows for simultaneous drive and detection capabilities. The voltage applied to a capacitor results in a force. Correspondingly, any resulting change in geometry will change the capacitance of the device.
For two parallel electrodes, the capacitive force is given by: For a constant bias voltage, but varying capacitance due to the mechanical motion, charges will flow on and off the capacitor. This current is proportional to the amplitude of the resonator and can be used to monitor the dynamics:
The resonator acts as a high-impedance current source, and the signal is typically pushed through a transimpedance amplifier before being detected in a lock-in amplifier or a network analyser, as illustrated in Figure 17 .7.
Combining equation 17.17 and 17.18, one finds that in the linear regime the detected current (or voltage) is proportional to the drive voltage and the gate voltage squared. Sweeping these externally controlled parameters, C 02 /m and C 00 /m can be directly measured. The displacement on resonance is:
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The capacitive plate method is limited by the 1 3 pull-in effect. As the drive force is nonlinearly dependent on the gap of the capacitor plates, for any spring and capacitor geometry, it can be shown that after the voltage causes a electrical force exceeds the mechanical force. This sets a fundamental limit to the useful range of such devices.
For larger MEMS devices, capacitive comb actuators have been developed. In these devices the motion is parallel to the plates, which allows for much longer linear travel distances. In such devices, the drive force becomes:
where n is the number of electrodes, V is the applied voltage, t is the comb thickness and d is the gap between electrodes.
Combining the drive and detection terms of the resonator results in the frequency dependent current:
ð17:21Þ
Due to the two-dimensional nature of thin-film structures, the capacitance is limited by the number of combs and the material thickness. This may be large compared to the doubly clamped beam depicted in Figure 17 .8. However, compared to parallel plates, where the capacitive area is not limited by film thickness, the capacitance is typically quite small and on the order of picofarad. For the capacitive method to work directly on diamond structures, they must be doped considerably so that a current to and from the electrodes can flow. This limits the purity of the diamond for which this method is applicable. An alternative approach would require integration of metals.
Piezoelectric Technique
In piezoelectric materials a mechanical strain can be induced by applying an electrical voltage. Correspondingly, a mechanical strain applied though an external force will result in a voltage drop across the material. This means that electrical signals can be used to drive and detect a mechanical mode. The field-strain relation is given by:
where i is the strain axis, L i is the length, d ji is the contour piezoelectric coefficient, and E j the electric field along the j axis. Both frequency and electrode placement will define which modes are sensitive to this effect.
As diamond is not a piezoelectric material, this method of actuation and detection can only be used in a hybrid setup. This can be done in two ways. One, diamond can be grown directly on top of (or beneath) a piezoelectric material, such as aluminum nitride. In such experiments the piezoelectric material provides the drive and detection, whereas the diamond layer acts as the mechanically relevant bulk material (Figure 17.9 ). Such setups are used for thickness modes, as well as surface acoustic wave resonators. Flexural modes are possible, but these are typically less suitable for this actuation method. As the two materials are strongly coupled, the transfer of mechanical strain from the diamond to the piezoelectric material is maximized. A drawback is that the mechanical element is no longer pure and the contribution from the other materials must be taken into account when studying mechanical properties, such as the Young's modulus or dissipation.
By mounting a diamond resonator on top of a macroscopic piezoelectric shaker, mechanical energy can be transferred to the resonator. Hence, the resonator can be made of diamond alone. One drawback, however, is that the coupling is weak and the energy transfer is low, which makes the system inefficient. Also, this method can only be used to actuate; therefore, a second independent method for detection must be implemented.
Magnetomotive Technique
A low impedance drive and detection circuit can be set up by the magnetomotive method. This setup is popular for cryogenic NEMS devices that operate at high frequencies and low temperatures. If a current is passed through the device in the presence of a magnetic field, the corresponding Lorentz force will actuate the mechanical mode. A strong magnetic field increases the coupling, which is why a cryogenic setup with a superconducting magnet is preferred. The drive force becomes:
whereL is the length of the resonator, I ¼ V/R the applied current, andB is the external magnetic field. Plugging this forcing term into eqn 17.10 results in a resonator displacement linear in the drive voltage and magnetic field. The readout is given by Faraday's law that describes how the change in magnetic flux induces an electromotive force:
where f B is the magnetic flux, and x n is a mode-dependent geometric number equal to zero for all even values of n and ranges from 0.83 for n ¼ 1 to zero as n approaches infinity, as depicted in Figure 17 .7. Combining equations 17.10 and 17.24 results in the magnetomotive frequency-dependent response voltage:
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As this is a low impedance measurement, it is capable of detecting resonances above one GHz. 16 The significant drawback is that a large magnetic field is required, which is in the range of 1-8 T for NEMS devices. Correspondingly, this coupling can be used for magnetic field detection as well. A fundamental drawback is the increase in dissipation due to circuit loading, as discussed in the next section. Another limitation is that only odd modes can be observed. Similar to the capacitive case, in order for a current to flow it is necessary to apply metallic leads over the resonator to ensure a low impedance current-carrying element.
Piezoresistive Technique
The piezoresistive effect is analogous to the piezoelectric effect: a change in strain results in a change in resistance of the material characterized by the piezoresistive gauge factor:
The first term on the right-hand side is the geometric factor of order one and is dependent on Poisson's ratio n. For diamond, g P can range from 5-1000 depending on doping and crystal purity. For large g P this method can result in a sensitive strain measurement. Unlike the piezoelectric effect, where strain can be induced by applying a voltage, it is not possible to apply or induce a resistance. Hence, the drive-detection symmetry is lost and the piezoresistive method can only be used for detection. For static measurements diamond piezoresistivity has been exploited for biological 35, 36 and pressure-sensing devices, 37 an example is depicted in Figure 17 .10. In short, the diamond window will bulge as the pressure on either side of it changes, resulting in a change of strain in the window. Simply by measuring the resistance of the window (or an element on the window), one can determine the mechanical bulge and hence the pressure surrounding the device. Piezoresistivity has also been exploited in resonant NEMS devices where mixing drive and detection signals results in sensitive frequency-dependent detection methods. Dynamic piezoresistive methods have been implemented in diamond MEMS. 31, 38 
Other Drive and Detection Methods
There are other drive and detection methods that can be applicable to diamond devices. One example is electrothermal drive, where an applied current heats the structure, which couples to the mechanical mode through the thermal expansion coefficient as DL ¼ aLDT The induced thermal strain is given by:
Diamond switches have been actuated by this method, but there is no reason why it should not also be used for dynamic MHz actuation as this method has been well tested in other materials. 39 The thermal expansion coefficient of diamond is not particularly high compared to other materials. However, its thermal stability and high thermal conductance can offset this shortcoming. For materials with high thermal conductivity, the small dimensions of NEMS result in an extremely short thermal relaxation time t th ¼ t 2 rC P p 2 k , allowing for resonances to be actuated well into the MHz range. The thermal coupling to the mechanical mode can only be used for driving the device as it would be extremely difficult to measure changes in temperature over such small distances and short timescales.
A relatively new method for NEMS actuation and detection based on dielectric force has been proposed. 40 Diamond, with a comparable dielectric constant to these experiments and also high dielectric breakdown, is a good candidate for this actuation method. It is based on the forces due to electric fields acting on a polarized material. It is assumed that a strong d.c. electric field polarizes the dielectric, and the superimposed a.c. field results in forcing, analogous to the capacitive drive. The forcing term takes the form:
wheref is the force per unit length, w is the dielectric constant of the resonator material,P is the polarization andẼ is the externally applied electric field. For symmetric electrodes (but not in plane with the resonator), only forces in the z axis can be generated. But, if the symmetry is broken, significant in-plane forces are generated. An example of such a device is depicted in Figure 17 .11. This expands the number and type of modes that can be actuated. To increase the sensitivity of this technique in diamond NEMS, the dielectric constant can be increased by adding impurities, such as water, to the growth process. To conclude, further detection methods that are commonly used in both MEMS and NEMS are optical detection techniques. These include reflecting a laser beam off the moving resonator and recording the angle of deflection, as is common for AFM applications. More sensitive methods, where optical fibers are used to couple the fringe field with specific modes, such as gallery modes, have also proven suitable at high frequencies. Unlike the electrical 
Dissipation in Diamond NEMS
Dissipation is a measure of the rate of mechanical energy lost in a resonant device. It can be determined by the full-width at half-maximum (FWHM) of the Lorentzian response in frequency domain described in section 17.2.4 or by the ring-down time in time domain. 43 The quality factor Q is the inverse of the dissipation factor, which is written as:
where W is the total mechanical energy in the system and DW is the energy lost per cycle of oscillation. o 0 is the resonance frequency and Do is the fullwidth at half-maximum of the Lorentzian response. The standard linear solid model modifies Hooke's law to take the relaxation timescales of the strain and stress into account. Assuming a time delay between stress and strain, as well as harmonic forcing, one obtains a frequency-dependent complex Young's modulus. The imaginary component is responsible for energy dissipation. In this section common dissipation sources in diamond NEMS are discussed. Some of these are exemplified in Figure 17 .12. These dissipative mechanisms are of great interest for device engineering, as well as for understanding the material itself. For nonresonant structures such as switches, MEMS mirror, or pressure gauge, dissipation sets the timescale at which a structure can respond to an external stimulus. For such Figure 17 .12 Examples of dissipation in a doubly clamped beam resonator; the color depicts strain intensity. 31 systems, extremely low dissipation may be problematic as the transient time diverges as Q À1 -0. For example, in a pressure sensor the mechanical settling time due to a change in pressure would be long, making it difficult to detect rapid fluctuations. In such cases, critical damping with Q ¼ 1 is the most efficient condition. Resonant devices typically require high quality factors. It reduces the mechanical and electrical noise that can couple into the devices. A higher quality factor also allows for more accurate frequency measurement. Many sensors rely on frequency shifts as the method of sensing as this is one of the most precise measurements possible. It is common for a frequency to be measured with eight-digit accuracy, a feat not possible for the amplitude or dissipation. Lower dissipation also means lower energy consumption and improved signal-to-noise ratio, which is important for signal processing and in communication applications.
Dissipation sources and mechanisms can be categorized depending on their nature. They may be bulk defect effects, surface effects, or external sources. Some are temperature-sensitive, while others are geometrydependent. The following subsections offer some insight into what mechanisms degrade diamond NEMS resonators and how this can be remedied. For multiple uncorrelated dissipation mechanisms, the total dissipation is the sum of contributions from each dissipation mechanism:
A resonator may have multiple relevant dissipation sources acting simultaneously.
Clamping Losses Q À1 CL
À Á
Clamping losses occur whenever mechanical strain energy is concentrated at the attachment points of the structure. This is the case for the flexural modes of cantilevers and doubly clamped beams. Mechanical strain radiates out of the structure into the base and is not recovered. The firmer the base, the less energy is transferred; hence, maximizing the mechanical impedance mismatch maximizes the reflection of strain energy back into the resonant structure. This is reflected in the scaling behavior of dissipation with regards to device geometry:
where L, w, and t are the length, width, and thickness of a beam resonator. a, b, and g, are mode-and material-dependent coefficients. Experimentally, it was found that diamond NCD has a ¼ 10-11.2. 23, 43 An example of dissipation scaling with resonator length is given in Figure 17 .13. For this experiment, the beam thickness and width was held constant, while only varying the length. Three dissipation mechanisms are required to explain the observations. Clamping losses account for the length dependency, circuit loading for the field dependency (insert of Figure 17 .13), and surface losses for the length-independent tail observable in Figure 17 .13.
Clamping losses can be minimized by increasing the aspect ratio. This makes higher frequencies at constant thickness more vulnerable, and hence, typical doubly clamped beams have quality factors below 10 4 or even below 10 3 as the frequency increases from 10 7 to 10 9 Hz. Alternatively, clever attachment points can result in energy trapping modes, where a minimum of elastic energy is radiated into the base. An example of this is the diamond antenna structure depicted in Figure 17 .14. Here, it was shown how a large structure can be forced to resonate at high frequencies through an array of smaller devices. As the strain energy is located far from the attachment points, these modes have quality factors beyond 20 000 at 630 MHz and still 8660 at 1.446 GHz, resulting in exceptional fQ factors on the order of 10 13 .
Thermoelastic Dissipation
When a solid is rapidly squeezed or stretched, heating or cooling will occur as a result of scattering between he acoustic and thermal phonons. If this temperature gradient has the time to thermalize, then the heat transfer results in the removal of mechanical energy from the resonant mode, and hence, in dissipation. This is essentially the inverse of a thermal drive. There are two components to this phenomenon: 1) the amplitude of heat generated by the squeezing, and 2) the rate at which this heat can dissipate, which is the inverse of the thermal relaxation time. If the resonance is much slower than the thermal relaxation time, the system is in the isothermal limit, there is no heat flow, and hence, no thermoelastic dissipation. The opposite extreme occurs when the resonator period is much shorter than the thermal relaxation time. In this adiabatic limit there is no heat transfer as the process is too slow to keep pace. The corresponding dissipation takes the form:
The first fraction is a measure of how much heat is generated (a is the thermal expansion coefficient, T the temperature, E the Young's modulus, rthe density, and C p the heat capacity). The second part includes the timescale for thermalization t
. This dissipation source results in a fundamental limit for all resonators, given by their material properties, independent of defects or clamping geometries. Fortunately, it is also easy to avoid this source of dissipation by engineering the structure away from the resonant timescale as thermoelastic dissipation is suppressed at both low and high frequencies.
Circuit Loading
A resonator is often constructed out of more than one material. In a typical resonator one may combine diamond with piezoelectric materials or metals to enable actuation and detection. For material-dependent dissipation mechanisms, each layer can be taken individually into account:
where i, j, k are material-type indices. It can be seen from the first coefficient that, for large thickness differences in materials, as is the case for typical diamond-gold magnetomotive structures, the correction to the total dissipation is minimal and is strongly dominated by the diamond layer. This is often not the case for hybrid piezoelectric structures that require the piezoelectric material to be reasonably thick. Circuit loading is a result of coupling the mechanical resonator to an electrical readout or drive circuit. Hence, this dissipation mechanism is not present in optical setups. Magnetomotive, capacitive, and piezoelectric drive and detection schemes, however, can contribute or even dominate the dissipation in the device. One way to model the setup is a RLC circuit, where the mechanical resonator can be mapped to an equivalent RLC element. By identifying the electrical equivalents, one can determine the resulting dissipation. For example, in devices driven by the magnetomotive method, the voltage generated by the moving resonator across the beam will try to equilibrate. In practice this system behaves like a parallel shunted RLC circuit with the following equivalent electrical components:
ð17:34Þ
where Q
À1
M is the intrinsic dissipation. Following ref. 45 , this results in an additional circuit dissipation term for magnetomotive drive and detection:
where Z ¼ R þ iX is the shunt impedance.
As illustrated in Figure 17 .13, this contribution is dependent on the square of the magnetic field. Depending on intrinsic dissipation, this contribution can become significant at fields over 2-3 T. These effects can be calculated or measured experimentally and subtracted out to obtain the true mechanical dissipation.
Analogously, circuit dissipation for capacitive and piezoelectric setups for doubly clamped beam resonators becomes: Defects can cause additional dissipation in imperfect crystals. For any crystalline system, defects are concentrated at the surface as the crystal symmetry must be broken there. This results in dislocations, surface contamination, and dangling bonds that can all contribute to dissipation. For macroscopic objects, this surface effect can be neglected. Through scaling down to the sub-micron realm, the surface-to-volume ratio grows, making surface effects increasingly important. To include these surface-related dissipation mechanisms, a complex surface Young's modulus E S is introduced. Assuming that the real part deviates only slightly from the bulk but the imaginary part is still large, one can write an expression for the surface contribution to dissipation. Calculating the mechanical energy and energy loss by integrating over the strain field, an expression can be obtained for a cantilever or doubly clamped beam:
where d is the depth affected by the surface Young's modulus. The product dE S I is determined experimentally, as in Figure 17 .13, by the length-independent contribution of the dissipation.
Dissipation due to mechanical defects can also arise in the bulk of the resonator. These are typically thermally activated and will show up as a Debye peak in the temperature-versus-dissipation plot. This has been demonstrated along with the Arrhenius relation in diamond NEMS resonators. 45 The defect is characterized by an activation energy and attempt rate, resulting in frequency-and temperature-dependent dissipation, analogous to thermoelastic dissipation:
where s is a unitless constant dependent on defect density and the time constant is given by t MD ¼ t MD0 expð
where E A is the activation energy and t MD0 is the attempt period. The activation energy is on the scale of the selfdiffusion energy, typically a few electron volts or below, for NCD E A E0.02 eV has been reported. 43 For systems with a few well-defined defects, the Debye peaks are discrete. If the defects become smeared over a large temperature range, as would be the case in a more amorphous material, the resulting peaks add up to a linear temperature dependence.
Growing high-quality NCD will result in a Young's modulus approaching that of single-crystal diamond. Where the increase in the bulk value for the Young's modulus from 900 GPa to 1200 GPa only has a moderate impact on the resonance frequency (15% effect), the improvement in the quality factor is much more significant. Once clamping and circuit losses are eliminated, dissipation due to mechanical defects can dominate. The improvement is amplified for surface effects as illustrated in Figure 17 .13. For data set 2, a much higher Young's modulus was reported and a considerably lower surface dissipation was measured, compared to data set 1. The resonators were manufactured from two separate CVD NCD wafers.
Viscous Damping ðQ À1
VD Þ
Many NEMS experiments are operated in a vacuum. Decoupling the system from the environment as much as possible improves device sensitivity and performance. This is true for oscillators, as well as mechanical switches. However, NEMS and MEMS are often used as sensors for gas or biological agents; hence, they must operate in gaseous environments and viscous fluids. Such devices must be engineered carefully to minimize viscous damping resulting from the friction that occurs as a solid moves through a fluid. As diamond NEMS are biocompatible and can be functionalized, this dissipation constraint will become relevant for biosensing devices.
At low pressures, the molecular regime applies and it is assumed that the molecules do not interact with each other over the length scales relevant to the resonator. This is valid if the mean free path is longer than the resonator's width or thickness. Dissipation is a result of momentum transfer between gas molecules and the resonator. For a doubly clamped beam resonator, this dissipation becomes:
where P is the pressure. Shortening the length of the resonator enables higher resonator frequency and lower dissipation. Typical resonators are not affected by air damping at pressures below 1 Torr. High-frequency resonators will deviate from the linear pressure dependency where a ffiffiffi P p relation has been observed experimentally. 45 In the viscous limit (strongly interacting molecules), this dissipation is dependent on material and geometric properties, as well as the viscosity m of the surrounding medium, but is not dependent not on pressure. The model assumes that the resonator is dragging the surrounding medium with it, which results in mass loading and energy exchange. Dissipation for a doubly clamped beam mode is given by:
ð17:40Þ
Here, the response time of the medium is not included. Analogous to thermoelastic dissipation, the rate at which the viscous fluid reacts to the resonator will determine the rate at which energy is transferred. For large area structures in close proximity to static solids, as is the case in many capacitive-based MEMS, squeeze-film damping occurs. Essentially, the term w g 3 is multiplied to eqn 17.40, where g is the gap size for wcg. Adding holes will mitigate this for small w g geometries. Such holes are often already present as a result of the release process described in the section 17.3.1.
Flexure modes are most susceptible to air damping and should be avoided unless particular geometries can be implemented. Generally, breathing modes show superior performance in viscous environments due to their small mechanical amplitudes and higher frequencies.
Quantum Dissipation at Ultra-low Temperatures
Great efforts in low-temperature NEMS research have been made towards the discovery of macroscopic quantum states in mechanical resonators. At low frequencies and high temperatures, thermal energies are larger than the quantum of energy in a given mode. At low temperatures and high frequencies, the quantum nature of the oscillator will eventually dominate. This crossover occurs as o" h 4 k B T. Experimentally, this corresponds to approximately 1 GHz at 50 mK. Such frequencies are attainable in various types of NEMS at dilution cryostat temperatures of a few mK. To this end, exotic detection schemes have been developed. These include superconducting single electron transistors and superconducting quantum interference devices (SQUIDs). There are a range of materials used in these devices: metals, dielectrics and single-walled carbon nanotubes. 3 In 2011 an aluminumbased drum resonator coupled to a quantum dot was used to detect and controllably switch between quantum states. 2 In this section, a dissipative mechanism based on quantum tunneling is presented. It has been observed in a range of materials, including ultrananocrystalline diamond UNCD. This mechanism dominates in some NEMS structures at subkelvin temperatures, and hence is of greatest importance in this emerging field of research.
The Standard Tunneling Model of Two-level Systems
To explain the low-temperature thermal properties of glasses, the standard tunneling model of two-level systems was presented by Anderson et al.
The basic idea is that, at low temperatures, the lattice remains in an almost degenerate ground state. The degeneracy is caused by defects separated by an energy barrier too high to allow for thermal hopping. Phonon-assisted tunneling does, however, allow for transitions between these states. A material is glassy when the energy distribution of the asymmetry is wide, a result of the many defects and allowed states. Initially, acoustic propagation experiments showed the presence of such tunneling through acoustic attenuation, and it is not surprising that mechanical resonators exhibit this form of dissipation as well. There are a number of models that describe the exact mechanisms; each split the temperature range into two regions. At low temperature, resonant absorption occurs, where the tunneling of the defects is fast compared to the thermal energy. At higher temperatures, relaxation absorption occurs, where the thermodynamic equilibrium is no longer established. Specifically for NEMS, this is described by Seonez et al., 48 where the periodic mechanical strain modulates the energy splitting of the twolevel systems and hence influences the tunneling rate. This mechanism prevents the thermal equilibrium from being established and pumps mechanical energy out of the mode into the phonon bath in an irreversible manner, resulting in dissipation due to phonon-assisted tunneling of twolevel systems. The transition temperature splitting of the resonant and absorption regimes is frequency-dependent and follows a TBf 1/3 power law. This holds true over an astonishingly wide frequency space, as is depicted in Figure 17 .15. 
Quantum Dissipation in NEMS Resonators
These two-level systems cause a frequency shift, which results in a characteristic logarithmic temperature dependency. While models predict a linear or square root temperature dependency on dissipation, NEMS in silicon, gallium arsenide, and UNCD experiments have all shown a Q À1 BT 1/3 dependency as depicted in Figure 17 .16.
It is interesting that these inherently crystalline materials exhibit glassy dissipation mechanisms in NEMS. It can be shown that only a small number of participating defects (o10 4 ) are needed for the TLS to dominate dissipation at subkelvin temperatures.
More experimental and theoretical work is still needed to fully explain and quantify this low-temperature phenomenology, including the saturation of the measured dissipation at the lowest temperatures, the 1 3 power law, and the increase in slope of frequency shift in the relaxation regime of TLS. Now that macroscopic quantum states have been observed, the need to fully understand dissipation at ultra-low temperatures is greater than ever.
Novel Diamond NEMS Devices and Future Capabilities
MEMS have already entrenched themselves in commercial markets in the form of gyroscopes, RF switches and filters, oscillators, pressure sensors, and more. NEMS have proven to be extraordinarily sensitive, resulting in single-atom detection, spin-flip detectors, and macroscopic quantum states, amongst others. Diamond has a special role to play due to its extraordinary mechanical, thermal, electrical, and chemical properties. Due to the complex growth compared to more established materials, such as silicon, it may be a while before diamond MEMS and NEMS become widespread in commercial markets. For niche applications, however, where the properties of diamond allow new enabling technologies, one would expect diamond to flourish. In this final section some exploratory ideas are presented as the many established uses of diamond MEMS and NEMS are described in detail elsewhere. 7 
Field Emission in Diamond
Diamond is known to be a good source of cold field emitted electrons, 50 and it has been proposed to use this property for cathode sources in displays, as well as RF amplifiers. MEMS-based field emitter devices can be operated at low powers and high frequencies. This has resulted in the renaissance of the almost-forgotten technology of cathode tubes.
The emitted current is described by the Fowler Nordheim equation:
where S 1 and S 2 are geometric-and material-dependent constants, b is a geometric form factor, and E ¼ V g is the electric field between the anode and cathode. In a teeth geometry configuration the geometric enhancement factor b has been reported to exceed 200, which greatly increases the emission current. Examples of such devices and the performance is depicted in Figure 17 .17. The critical component here is the exponential dependency of the current on distance. This is what makes it possible to use field emission as a displacement sensor in NEMS devices. Using e-beam lithography, sharp tips (cathodes) can be manufactured and placed in close proximity to resonant structures (the anode). Expanding eqn 17.41 in terms of x g results in the static and harmonic currents resulting from the motion of the resonator: where x is the displacement from equilibrium. The signal size scales as 1 g 3 , making it extremely sensitive as the gap size is reduced to the 100-200 nm range.
Field emission could be used for ultrasensitive displacement detection, on-chip GHz frequency amplification, and signal manipulation.
Superconductivity and Diamond NEMS
Boron-doped NCD is a type II superconductor with a crossover temperature around 2-6 K and a critical magnetic field on the order of 4 T. The superconductivity is maintained in structures machined smaller than the micron scale, and such NCD SQUIDs have been manufactured. 51 One can consider the possibility of coupling the mechanical degrees of freedom of a resonator with its superconducting state. A NEMS embedded in a SQUID loop has already been used for ultraprecise displacement sensing. 52 In that experiment the mechanical and electrical structures were different materials. It should be possible integrate both the mechanics and superconductivity in a single device as the one depicted in Figure 17 .18.
Instead of measuring the displacement through the change in flux, it may be possible to measure the change in superconductivity due to the mechanical strain induced in the resonator. This would result in measurement analogous to the piezoresistive detection method described above. It is known that applying strain to a superconductor, including diamond superconductors, 53 results in a shift in the transition temperature. Sitting on the transition point and modulating the strain would result in a large piezoresistive response.
Beyond strain detection, such experiments could help shed light on how superconductivity is affected by strain, and hence the cooper-pair phonon coupling. Diamond is an ideal material to study NEMS interacting with superconductivity and can be used as a platform to explore new scientific and technological opportunities. 
The Nitrogen Vacancy Defect in Diamond
Nitrogen vacancy centers (NV) are a special type of defect that form in diamond made of a substitutional nitrogen impurity adjacent to a missing carbon site on the lattice. The strain induced by the nitrogen holds the vacancy in place. This point defect is the realization of a room-temperature quantum state that can be manipulated using electric and magnetic fields. The NV forms a triplet electron spin state with long enough lifetimes to be probed with spectroscopic studies. For these reasons, it is often considered as a possible building block for quantum entanglement, spintronics, quantum communication, and even quantum computing. 54 In the presence of a magnetic field, the electron energy levels are split. This results in a number of sharp observable transitions in the microwave region. These transitions are sensitive to various forms of external radiation and to the local strain field in the crystal. It is known that the intrinsic strain field in a diamond lattice splits the degeneracy of the excited electron states, resulting in unique energy levels for each defect. The presence of strain is analogous to small electric fields, 55 and the spin Hamiltonian must be extended to include the strain component.
Considering the high precision at which the electron splitting can be measured, as well as their sensitivity to the local strain fields, it is not difficult to consider tuning these transitions by applying a static strain field using MEMS devices. By actuating a given actuation mode, the strain field could be manipulated in space and time. Some of the transitions observed in NV defects occur at frequencies similar to diamond NEMS resonators. Such coupling would enable new types of photonic NEMS devices that are coupled to quantum dots. A prerequisite for such photonic applications is the further development in single-crystal diamond NEMS devices, but the recent techniques described above prove this is a real possibility in the near future.
Conclusions
In this chapter an overview of MEMS and NEMS was presented. Elasticity theory and fabrication, as well as actuation and detection methods relevant for diamond, have been discussed. It is shown how the extraordinary properties of diamond can be leveraged to build novel devices and experiments. In addition to its high Young's modulus, diamond's thermal, electrical, and biological properties make it interesting for a wide range of applications. The ability to grow high-quality thin films and the compatibility of diamond with standard optical and e-beam lithography has resulted in diamond MEMS and NEMS appearing in technologies that range from RF switches to microfluidics. Although still more challenging than silicon, single-crystal diamond, NCD, and UNCD are becoming more prevalent as devices and the material of choice for cutting-edge experiments. It can be assumed that this trend will continue as there is still much to be learned and gained.
